Abstract. Standard shear samples used for piezoceramic characterization lead to underestimation of the piezoelectric shear coefficients due to its dynamical clamping at resonance. This work presents the application of Alemany et al.´s automatic iterative method to the resonance of a non-Standard shear sample, in order to determine the related complex parameters of piezoceramics, thus including losses, from impedance measurements. The matrix of dielectric, elastic and piezoelectric complex parameters that fully characterize a piezoceramic, a 6mm symmetry material, can be obtained from such shear data combined with the application of the method to three other electromechanical resonances, namely: the length extensional mode of long rods or rectangular bars, length poled; the thickness extensional mode of a thin plate or disk, thickness poled, and the radial mode of a thin disk, thickness poled. Shear results are here obtained for non-Standard samples of a commercial Navy type II piezoceramic, solving the underestimation of the coefficients in the Standard shear sample and allowing the improvement of the previously reported characteristic matrix from Standard samples. Three-dimensional Finite Element Analysis (FEA) modelling of the resonances of the three material samples used in the matrix characterization was here accomplished using the improved matrix of dielectric elastic and piezoelectric material coefficients including all losses. The comparison of the experimental resonance spectra of this piezoceramic samples and the FEA results obtained for the elastically, dielectrically and piezoelectrically homogeneous items modelled is here presented and discussed.
Introduction
The modelling and design of piezoelectric devices by, among others, Finite Element Analysis (FEA) methods, rely on the accuracy of the dielectric, piezoelectric and elastic coefficients of the active material used, commonly an anisotropic poled ferro-piezoelectric ceramic [1] , a piezoceramic.
Poled ferro-piezoelectric ceramics in their normal low voltage operating range show substantially linear relations between the stress (T ij ) and the strain (S ij ), which are tensor magnitudes, on the one hand, and between the electric field (E i ) and the dielectric displacement (D i ), which are vector magnitudes, on the other. Besides, the piezoelectric coefficients provide relations between the mechanical and the electrical magnitudes. Piezoceramics, which have 6mm symmetry, are characterized by only five independent elastic constants, three independent piezoelectric coefficients and two independent dielectric coefficients. The constitutive equations can take various forms [1] and, thus, there are various sets of parameters, related among them, that characterize a piezoceramic. Here we choose to work with the following coefficients: s 11 The accurate description of piezoceramics involves the evaluation of the dielectric, piezoelectric and mechanical losses, taking into account the out of phase material response to the external excitation, which is not always accomplished, despite of the important role of the losses in the material performance. Losses in piezoceramics are a problem for positioning actuator applications, for they cause hysteresis in the fieldinduced strain, and for resonance applications, such as ultrasonic transducers, piezoelectric transformers and motors, for they cause heat generation. On the other hand, they can be an advantage for force sensors and acoustic transducers, because they widen the frequency band for receiving signals. The origin of the losses in ferroelectric ceramics has been analyzed in numerous works [2] [3] [4] [5] . While the dielectric losses are related to the ionic and the ferroelectric nature of these compounds, the mechanical losses in piezoceramics arise from crystal lattice defects, microstructure (grain boundaries, porosity) and ferroelastic domain wall motions [6] and the piezoelectric losses for the coupling of all such effects. The description of the material parameters by complex values [7] (P* =P´-iP´´) is a convenient way to separately account for the dielectric, piezoelectric and mechanical losses (tanδ= P´´/P´).
Characterization methods for poled ferro-piezoelectric ceramics from impedance measurements at the electromechanical resonances, providing their dielectric, piezoelectric and elastic coefficients in the linear range, have been used since early times of the development of these materials in the 60´s. The first Standard measurement procedures of piezoceramics [8] have been revised and updated several times, the most recent ones being issued by the North American institutions "American National Standards Institute (ANSI)" and "The Institute of Electrical and Electronic Engineers (IEEE)" in 1987 [9] . However, the 1987 IEEE Standard does not account for the complex nature of the material coefficients. Nevertheless, 1987 IEEE Standard contribution to the characterization of piezoelectric ceramics is, of course, remarkable. The 1987 IEEE Standard states the resonator shapes, their boundary conditions for the validity of the equations used and all the relationships among the coefficients needed to get all the independent coefficients for piezoceramics. European Standards kept these shapes and ratios among sample dimensions [10] .
Several authors [11] [12] [13] [14] developed methods for the complex characterization of piezoceramics from complex impedance (or its reciprocal, the complex admittance) measurements at resonance, which validity has been analyzed elsewhere [15, 16] . Alemany et al. developed an automatic iterative method, applied in a first publication [17] to four modes of resonance used in the Standards: (1) the length extensional mode of a thickness poled rectangular bar; (2) the length extensional mode of long rods or rectangular bars, length poled; (3) the thickness extensional mode of a thin plate or disk, thickness poled, and (4) the thickness shear mode of an in-plane poled thin plate. In a second publication the method was also applied to (5) the radial mode of a thin disk, thickness poled [18] , the most mathematically complex geometry to be solved.
Four modes of resonance of the three sample shapes shown in figure 1(a), (b) and (c), namely the mentioned 2, 3, 4 and 5 modes, are sufficient [19] for the purpose of the determination of the full set of complex coefficients of piezoceramics in the matrix of a 6mm symmetry material. These modes are listed in Table 1 , which also shows the directly obtained coefficients for each mode. The systematic application of the automatic iterative method to the matrix characterization, including losses, of a Navy type II, soft lead zirconate titanate (PZT) commercial piezoceramic (PZ27 of Ferroperm Piezoceramics A/S (Kvistgård, Denmark)), using the three Standard samples shapes and four resonance modes of Table 1 This work presents the application of Alemany et al.´s automatic iterative method to the resonance of a non-Standard shear geometry in order to obtain, from impedance measurements, the related piezoceramic parameters. The shear results obtained from this geometry for a commercial piezoceramic, PZ27 of Ferroperm Piezoceramics A/S, are used to get an improved set of characteristic dielectric, elastic and piezoelectric complex coefficients of this material. Three-dimensional FEA modelling of the new set of samples used in this characterization was accomplished using the improved matrix of material coefficients.
The comparison of the experimental resonance spectra of these samples and the FEA results obtained for elastically, dielectrically and piezoelectrically homogeneous modelled samples, based on this improved characteristic matrix, is presented here to validate the material data obtained from measurements on the nonStandard geometry.
Experimental procedure

Automatic iterative method applied to a non-Standard shear mode
The non-Standard shear sample shape here considered (figure 1(d)) is that of the second thickness shear resonance mode, already described by Berlincourt [27], and that was later analyzed by other authors In the method here used for the above described shear sample, the coefficients e 15 , ε 
Finite Element Analysis
The FEA modelling was done using ATILA software [30] . Originally developed for modelling sonar transducers, this program has the ability to include piezoelectric materials defined by a full data set of complex variables. The three dimensional harmonic analysis, here used, yields the impedance values in a given interval of frequencies, from which the resonance and antirresonance frequencies and the electromechanical coupling factors can be obtained.
The three sample shapes modelled (figure 1(a), (c) and (d)) here were those of the samples used to determine the improved set of dielectric, elastic and piezoelectric complex coefficients, namely: (1) resonator simulation was selected so as to have a minimum of five nodes per wavelength, except the shear elements which were divided into a 30x30x3 mesh consisting of 2700 hexagonal 20 node elements. This very fine mesh was used to include the secondary resonances found in the experimental spectrum which has a wavelength much smaller than the one of the main resonance. The number of frequencies analyzed was chosen so as to get a compromise between the time of the simulation and the required resolution of the calculated spectrum, depending of its complexity. The disk and the long bar were simulated as rotationally symmetric items, which results in calculation times of the order of a few minutes for the whole frequency sweep in a PC with a Pentium IV, 3GHz, processor. The shear elements were simulated as full threedimensional items, resulting in 15 minutes calculation time for each discrete frequency point. accurate. This shear sample does not present a unique resonance for the dimensional ratios here considered, t≈10W, but the main resonance is clearly more intense than the secondary ones and thus is appropriated for the material characterization. Table 2 shows the comparison between all the parameters obtained from an Standard shear sample and one of those here studied. These parameters are the ones directly obtained by this method and also those that can be calculated from them using known relations [19] . The losses are lower from all the elastic coefficients determined from the non-Standard shear geometry and the real part of dielectric permittivity is higher, whereas the dielectric losses are also slightly lower. Table 3 , showing good agreement (differences below 2%) with the experimental ones. The height of the FEA modelled G peaks is also in good agreement, whereas the R peak modelled is slightly lower. One has to note also to understand this that the experimental dispersion in R values of the peaks in the measured samples is also higher than the dispersion in the G peaks.
Experimental results and discussion
Shear resonance mode of the non-Standard shear geometry
Secondary resonance peaks near the shear plate resonance are reproduced also by the FEA analysis, corresponding to an elastically, dielectrically and piezoelectrically homogeneous piezoceramic item, and the modelled frequencies are in good agreement with the measured ones (Table 3) . Thus, these resonances being due to inhomogeneities (due to poling, composition of microstructure) of the material can also be disregarded for this shear geometry.
One of the problems to obtain a consistent set of data from different samples is that it is difficult to get the same level of polarization in all of them. Depending on the ceramic crystal anisotropy, and more markedly when poling at saturation conditions is not achieved, it has been found, by measurements of thermocurrent induced by propagation of low frequency thermal waves through the ceramic, that the polarization level is lower at an skin, of a given thickness depending on the poling conditions, of the samples [31, 32]. The in-plane poled Standard shear sample has a higher surface/volume ratio for poling than the thin disk, thickness poled, and polarization homogeneity level in both samples is expected to be different. The new shear sample reduces this problem since the thin disk and shear plate, both thickness poled, under the same poling conditions are expected to have the same polarization and polarization homogeneity level. Figure 4 shows the experimental and FEA modelled resonance spectrum of a long bar. The resonance and antiresonance frequencies and electromechanical coupling factors are quoted in Table 3, showing good agreement (differences below 1%). The height of the R and G peaks modelled by FEA is also in reasonable agreement with the experimental values. This good agreement is however obtained independently of the shear coefficients used [24] , since this mode of vibration is purely dilatational. Figure 5 shows the experimental and FEA modelled resonance spectrum of the radial mode of the thin disk. Again, the resonance and antiresonance frequencies and electromechanical coupling factors are also quoted in Table 3 , showing once more good agreement with experimental values (differences below 1%), which also takes place for the height of the R and G peaks. The planar mode is also independent of shear coefficients, since it is also purely dilatational [24]. 
Length extensional resonance mode of a long bar
Radial resonance mode of a thin ceramic disk
Thickness extensional resonance mode of a thin ceramic disk
As already mentioned [24] the mode of motion of the thickness mode involves a non-negligible shear stress
and thus is sensitive to the accuracy of the shear coefficients used. figure 6(b) shows the same experimental and FEA modelled resonance spectrum of the thin disk, now modelled using the matrix of figure 3.
Frequencies and electromechanical coupling factors are quoted in Table 3 also for this resonance mode. For the FEA modelling with this improved matrix of material coefficients, we found that differences in the modelled frequencies with respect to the experimental that are below 1%. The height of the R and G peaks modelled by FEA shows also a reasonable agreement, validating the results of the measurement from the non-Standard shear sample.
Conclusions
This work presents the application of Alemany et al.´s automatic iterative method to the resonance of a non-Standard thickness poled shear geometry, in order to determine the related complex material coefficients, from complex inmittance measurements, and the results for a Navy II type commercial piezoceramic. The value of the real part of the piezoelectric shear coefficient d 15 obtained is higher than the one previously reported from measurements of Standard shear samples, dynamically clamped, and agrees with that derived from measurement of actual shear samples in devices.
The spectra of the four resonance modes of the three sample shapes, including the non-Standard shear sample, needed for the matrix characterization of the studied piezoceramic have been modelled by FEA. The improved matrix of complex material coefficients, including shear coefficients from the non-Standard sample, was used in the modelling. A good reproduction of both the experimental peaks of conductance, G, and resistance, R, at resonance was achieved by the FEA modelling for all modes studied.
FEA results reproduce, in addition to those R and G peaks of the main resonance, those of the secondary modes in the elastically, dielectrically and piezoelectrically homogeneous shear item modelled.
Sample inhomogeneities are thus disregarded as the origin of such secondary resonances.
The radial resonance of the thin disk and the length extensional resonance of a long bar corresponds to purely dilatational vibration modes, given the dimensional ratios stablished for the standard samples, and the agreement between the frequencies for the FEA modelling and the experimental ones is within 2%.
Finally, the influence of correctly determined shear coefficients on the also accurate reproduction of the frequency of the thickness mode of resonance of a thin disk is also revealed by FEA results, which previously showed that relevant shear contributions to the mode of motion at thickness resonance occurs.
Overall, the FEA study validates the improved matrix of parameters obtained using the nonStandard shear geometry here studied, the second thickness shear geometry described by Berlincourt, which provides a more homogeneous set of samples for the matrix characterization of piezoceramics. [30] ATILA User´s Manual, Institut Superieur d´Electronique du Nord, Acoustics Laboratory (1997). 
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A non-Standard shear shear resonator for the matrix characterization of piezoceramics Figure 5 . Experimental data and FEA modelled resistance, R, and conductance, G, using the improved matrix of parameters and for the fundamental radial resonance of a thin disk, thickness poled, of a Navy II type commercial PZT. Figure 6 . Experimental data and FEA generated resistance, R, and conductance, G, for the fundamental thickness resonance of a thin disk, thickness poled, of a Navy II type commercial PZT, (a) using the matrix of parameters including those shear parameters obtained from the IEEE Standard shear geometry (ref. 19 ) and (b) using the improved matrix of parameters of Figure 3 . 
